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ABSTRACT

The sensitivity of the global climate to perturbations in the microphysical properties of low clouds is inves-
tigated using a general circulation model coupled to a static mixed layer ocean with fixed cloud distributions
and incorporating a new broadband parameterization for cloud radiative properties. A series of GCM experiments
involving globally uniform perturbations in cloud liquid water path or effective radius (albedo perturbations),
along with one for a doubling of carbon dioxide (greenhouse perturbation), lead to the following results: 1)
The model’s climate sensitivity (ratio of global-mean surface temperature response to the global-mean radiative
forcing) is virtually independent (to ~10%) of the sign, magnitude, and the spatial pattern of the forcings
considered, thus revealing a linear and invariant nature of the model’s global-mean response. 2) Although the
total climate feedback is very similar in all the experiments, the strengths of the individual feedback mechanisms
(e.g., water vapor, albedo) are different for positive and negative forcings. 3) Changes in moisture, tropospheric
static stability, and sea ice extent govern the vertical and zonal patterns of the temperature response, with the
spatial distribution of the response being quite different from that of the radiative forcing. 4) The zonal surface
temperature response pattern, normalized with respect to the global mean, is different for experiments with
positive and negative forcings, particularly in the polar regions of both hemispheres, due to differing changes
in sea ice. 5) The change in the surface radiative fluxes is different for the carbon dioxide doubling and cloud
liquid water path decrease experiments, even though both cases have the same radiative forcing and a similar
global-mean surface temperature response; this leads to differences in the vigor of the hydrologic cycle (evap-

oration and precipitation rates) in these two experiments.

1. Introduction

From theoretical, modeling, and observational stud-
ies on cloud microphysical properties and their rela-
tionships with the environment (Feigelson 1978; Charl-
son et al. 1987; Betts and Harshvardhan 1987; Tse-
lioudis et al. 1992; Han et al. 1994), it may be
summarized that cloud microphysical properties [e.g.,
liquid water path (LWP) and drop effective radius r,]
are critical factors in determining the radiative prop-
erties of clouds. General circulation models indicate a
critical dependence of climate on cloud properties (e.g.,
Wetherald and Manabe 1988, hereafter WM; Roeckner
et al. 1987). Furthermore, variations in cloud micro-
physics due to natural or anthropogenic influences
(Twomey et al. 1984; Somerville and Remer 1984;
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Coakley et al. 1987; Radke et al. 1989; Charlson et al.
1992) imply a change in their radiative properties,
which in turn has implications for climate change. It is
the potential climatic significance of the variations in
cloud microphysical properties, as framed by the above
studies, that motivates this sensitivity study.

Our main objective in this paper is to inquire into
the climate sensitivity to perturbations in cloud micro-
physics, which, in a more general sense, imply pertur-
bations in the albedo of the earth’s climate system. As
specific foci for the study, we pose the following issues:
(i) whether the climate response to a change in cloud
microphysical and, thus, radiative properties scales lin-
early with the strength of the radiative forcing; (ii)
whether the magnitude of the response is similar when
forcings of equal strength but with opposite signs are
applied; (iii) whether changes in LWP or r, that yield
the same change in cloud optical depth lead to a similar
response; and (iv) whether the responses to a change
in cloud radiative properties and that due to increase of
CO, are of a similar nature.

We pursue an investigation of the above issues by
conducting an idealized general circulation model in-
vestigation of the sensitivity of the simulated climate
to globally uniform percentage changes in the LWP or
r. of low clouds. There are two reasons for adopting
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the strategy of idealized experiments. First, although
there is evidence suggesting possible modifications in
cloud microphysics, the spatial and temporal quantifi-
cation of such effects are not yet robust. Second, a suite
of idealized experiments, as discussed in this paper, is
useful for yielding insights into the characteristics of
the responses to changes in cloud microphysics and
offers ease and simplicity in interpreting the physical
changes.

The numerical values of the changes in LWP and r,
chosen for the different GCM experiments are such that
they yield global-mean forcings ranging up to ~4
W m™2, which corresponds to that due to a doubling of
CO;. We restrict the perturbation of the cloud micro-
physical properties in this study to low-level clouds
only. These clouds are a major component of the global
cloud cover (Warren et al. 1988) and play a significant
role in the radiative balance of the planet (Hartmann et
al. 1992). The low-cloud microphysics are likely sub-
ject to a modification, owing to surface-based marine
or anthropogenic sources of CCN (Hoppel et al. 1973).

In order to further simplify the scope of this GCM
study, we consider the changes in the cloud micro-
physical properties to be an external forcing. Other
cloud properties, such as amount and distribution, are
prescribed and held fixed during the simulation exper-
iments. Thus, only the noncloud feedback processes
participate in response to the imposed forcing. Since
low clouds have large LWPs such that their longwave
emissivities are close to unity, any perturbation in the
microphysics is expected to alter the cloud longwave
radiation properties negligibly; it is, therefore, not a
factor in this study.

We first discuss the model and describe the simula-
tion of a new control climate in which the solar cloud
properties are computed based on prescribed LWP and
r. values (section 2). Then, the GCM sensitivity ex-
periments consisting of globally uniform prescribed
changes in cloud LWP or r, are discussed, along with
the characteristics of the accompanying forcings. The
response of the modeled climate to the imposed per-
turbations is investigated in section 3. This includes the
spatial distribution of the changes in the thermal and
hydrologic fields and the manner in which the surface
energy budget in the various experiments is altered.
The individual feedback processes operating in the
present model framework and their relative importance,
as well as the role of the feedbacks in the different
experiments, are analyzed in section 4. The implica-
tions of the findings are discussed in section 3.

2. Model and formulation of the GCM experiments

a. Description of the model

The climate model used for the following study is
an R15, 9-level global atmospheric GCM coupled to a
static mixed layer ocean. The process of sea ice for-
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mation is explicitly incorporated into the model, but the
effect of heat transport by ocean currents is not in-
cluded. The seasonal cycle of insolation is prescribed
at the top of the atmosphere, but diurnal variation is
ignored. Seasonally invariant, zonally uniform cloud
cover is prescribed with respect to latitude and height.

The model is essentially the same as the fixed cloud
(FC) version used by Manabe and Broccoli (1985,
hereafter MB), with the following exceptions: (i) the
cloud solar radiative properties are determined using
Slingo’s (1989) parameterization, (ii) the broadband
solar radiative transfer algorithm is modified to account
for the details of the vapor—drop interactions (Chen
and Ramaswamy 1995, hereafter CR), and (iii) the
albedo value assigned to snow and sea ice is modified
slightly following Manabe et al. (1991) (i.e., the al-
bedo of snow/ice depends on the surface temperature
and snow/ice thickness; the albedo values are saturated
at a thickness of 1 meter). Since we have changed the
cloud radiative and surface albedo parameterizations in
the model, the simulated control climate differs from
that reported in MB. The cloud LWP and r, for each
of the three cloud layers are assigned uniform values
all over the globe, with the zonal cloud amounts being
the same as in MB.

For simplicity, the drop effective radius 7, is assumed
to be 10 pm for all clouds. Most clouds in the lower
troposphere exhibit a droplet mode radius between 5
and 15 pum (Mason 1971; Stephens 1979). This as-
sumption has been used to infer cloud optical thickness
from satellite-based visible radiances (Rossow and
Schiffer 1991) and is likely uncertain by 15%—-25%
for water clouds (Rossow et al. 1989; Nakajima and
King 1990; Han et al. 1994). The assumed r, value
may not be entirely appropriate for high clouds con-
taining ice crystals having larger dimensions and/or
nonspherical shapes. However, the high-cloud charac-
teristics are not the focus of the present study. The LWP
of high and middle clouds is fixed at 7 and 25 g m?,
respectively, while the nominal value assigned to the
low clouds is 80 g m™2. For low clouds, the choice of
LWP and r, yields an optical depth of 12.7. at visible
wavelengths, approximately consistent with satellite
observations (Rossow and Lacis 1990) and aircraft
measurements in marine stratus clouds (Nakajima et
al. 1991). Satellite-derived estimates over the global
oceans (Greenwald et al. 1993) suggest that the zonal-
mean cloud LWPs range from 50 to 150 g m™?, with a
relative error of 25% to 40%. Our choice of LWPs lies
within the range cited. The LWP values chosen are
such that net solar radiative flux at the top of the at-
mosphere (TOA) is within about 10 W m™ of satellite
measurements (Chen 1994).

b. Standard ( ‘‘control’’) simulation

The control climate of the model is the average of
the last 10 years results from a 40-year integration with
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FIG. 1. Zonal annual-mean surface air temperature
in the simulated ‘‘control’’ climate.

the modifications noted above. Figure 1 shows the lat-
itudinal distribution of the simulated zonal-mean sur-
face air temperature along with the observed values
[ from Crutcher and Meserve (1970) and Taljaard et
al. (1969)]. In general, the simulated surface temper-
atures are quite close to the observed values throughout
the tropical and midlatitude regions in both hemi-
spheres. Poleward of 55°, the model temperatures are
somewhat too warm, particularly in the Antarctic.
Compared to the control simulation in MB, the present
result yields a warmer climate in the Arctic region. This
is because the cloud reflectivity obtained from the new
cloud radiative parameterization is slightly smaller than
that prescribed in MB, especially at the high latitudes
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where the solar zenith angle is large. The amplitude
and phase of the seasonal variation of surface air tem-
perature are reasonably well simulated (Chen 1994),
although the amplitude of the computed seasonal vari-
ation is somewhat smaller than that observed near the
poles (especially the North Pole).

Figure 2a shows the simulated sea ice distribution in
the Northern Hemisphere during winter (Dec, Jan,
Feb). Comparing with the observed maximum sea ice
extent during the same season [Fig. 2b; Untersteiner
(1984), reproduced from Peixoto and Oort (1992)], it
is seen that the computed sea ice margin is located
slightly more poleward than observed during winter, in
association with the warmer (relative to observed) sim-
ulated temperatures (Fig. 1). In the Southern Hemi-
sphere (Fig. 3), the model underestimates the areal
coverage of the sea ice during winter (Jun, Jul, Aug).
Overall, the spatial pattern simulated by the model
shows modest agreement with observations in both po-
lar regions.

Figure 4 illustrates the latitudinal profile of the mod-
eled and observed (Baumgartner and Reichel 1975)
zonal-mean precipitation and evaporation rates. The
model succeeds in reproducing the extensive rainfall in
the Tropics. However, the precipitation rate in the pres-
ent low-resolution spectral model simulation is over-
estimated at the high latitudes (see also Manabe et al.
1979; Manabe and Stouffer 1980, hereafter MS).
Zonal-mean evaporation rates are simulated better than
the precipitation rates (Fig. 4b), with discrepancies
near 10°N and poleward of 60°.

NH WINTER

90°W

06

FiG. 2. Geographical distribution of sea ice during the Northern Hemisphere winter: (a) control simulation
and (b) observation (Untersteiner 1984).
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FiG. 3. As in Fig. 2 except for the Southern Hemisphere winter.

The overall performance of this model in simulating
the present climate is not perfect but reasonable. It is
noted that observations too are subject to uncertainties.
Owing primarily to keeping cloud amounts and heights
the same as in MB, and with LWP and r, the same for
each cloud height globally, biases in the *‘control’’
simulation are unavoidable. Because cloud amount,
height, and properties are held fixed, there is no cloud-
induced feedbacks in the experiments discussed below.

c. Formulation of the experiments

The perturbation experiments designed to address
the issues posed in the introduction are summarized in
Table 1 and described below:

(i) a globally uniform 37% increase in low-cloud
LWP (experiment GLI)

(ii) a globally uniform 25% decrease in low-cloud
LWP (experiment GLD)

(iii) a globally uniform 23% decrease in low-cloud
r. (experiment GRD),

(iv) a globally uniform 17% increase in low-cloud
LWP (experiment GLI1/2)

(v) a doubling of CO, from 300 to 600 ppmv (ex-
periment 2XCQO,).

The changes in LWP or r, above were derived by
employing a one-dimensional radiative—convective
model, with atmospheric profiles corresponding to the
GCM'’s global annual-mean ‘‘control’’ climate, and by
requiring the microphysical changes to yield a global
annual-mean surface temperature change that is a spec-

ified multiple of that for 2 X CO,. The appropriate
tropopause forcing for 2 X CO, is listed in Table 1.
Note that the global annual-mean forcing computed us-
ing a one-dimensional model with appropriate global
annual-mean profiles is very similar to one from a lat-
itudinally dependent evaluation (Ramaswamy and
Chen 1993, hereafter RC).

Experiment GLI yields the same global-mean radi-
ative forcing as a doubling of CO, but with the opposite
sign. GLD yields the same sign and magnitude of forc-
ing as a doubling of CO,, that is, opposite to GLI. Ex-
periments GLI and GLD thus are designed to investi-
gate the invariance of the magnitude of the model re-
sponse with respect to the sign of the radiative forcing.
Experiments GLI and GLI/2 are designed to investi-
gate the linearity of the response with respect to the
strength of the forcing. GRD yields the same sign and

‘magnitude of the global-mean forcing as GLI except as

produced by a change in r, rather than LWP. The range
in LWP and r, values owing to the considered pertur-
bations is reasonable, being within present-day obser-
vational bounds (Greenwald et al. 1993; Han et al.
1994).

In each experiment, a substantial period of integra-
tion (~25 years) was required to establish a new equi-
librium climate. Each simulation was then continued
for an additional 10 years to provide an adequate sam-
ple for the analyses. The averages of the last 10 years
in each experiment are taken to be the equilibrium re-
sponses. The sensitivity to albedo and CO, changes is
investigated by comparing the response in each pertur-
bation experiment with the ‘‘control’’ simulation.
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F1G. 4. Zonal annual-mean distribution of (a) precipitation
and (b) evaporation rates.

d. Zonal-mean radiative forcing

Figure 5 shows the GCM’s instantaneous ‘‘normal-
ized’’ radiative forcing (zonal mean divided by the
global mean listed in Table 1) for each experiment.
Figure 5 highlights the relative strength in the latitu-
dinal distribution of each forcing. The spatial patterns
are similar for all the cloud perturbation experiments.
The forcing is relatively greater in the tropical regions
and in areas with large cloud amounts (RC). Near
60°S, the large cloud amount makes the forcing almost
twice as large as the global annual mean. Though the
globally averaged magnitude of the forcing in the cloud
perturbation experiments (except GLI/2) is virtually
the same as that due to doubling CO,, the latitudinal
dependence of these forcings, as pointed out by RC, is
different. Also, the effect of a perturbation in cloud
properties is ‘‘felt’”” mostly at the surface, but for 2
X CO, it is partitioned between the surface and tropo-
sphere.

3. Model results
a. Thermal response

The latitude—height distribution of the difference in
the zonal-mean temperature between GLI and the
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TaBLE 1. GCM experiments for studying the sensitivity of the
model climate to globally uniform changes in low-cloud
microphysical properties and to CO,. The nominal values for low-
cloud liquid water path (LWP) and effective radius are 80 g m™ and
10 pm and are globally uniform.

Global annual-mean

Perturbation in Perturbation radiative forcing

Experiment low cloud domain (W m™2®

GLI 37% increase in global -3.6
LWP

GLD 25% decrease in global 3.6
LWP

GRD 23% decrease in global =37
effective radius

GLI2 17% increase in global -1.9
LWP

2xCO, — global 37

? For the cloud microphysics experiments, the forcing is evaluated
at the top of the atmosphere and is very nearly similar to that at the
tropopause. For 2 X CO,, the global annual-mean tropopause forcing
is calculated using a one-dimensional radiative—convective model,
with globally and annually averaged atmospheric profiles taken from
the GCM'’s ‘‘control’’ climate.

‘‘control’’ simulation is shown in Fig. 6a. The increase
of LWP in this experiment causes less energy to be-
come available in the global surface—troposphere sys-
tem, resulting in a cooling. The cooling is particularly
pronounced in the lowest layers in high latitudes (60°—
90°) and is relatively smaller in the Tropics, despite the
forcing being actually greater at the lower latitudes
(Fig. 5). This results in a general increase of the me-
ridional temperature gradient in the lower model tro-
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FIG. 5. Zonal annual-mean distribution of the normalized [zonal-
mean, RF, divided by global-mean, RF (global)] radiative forcing in
the GLI, GLD, GRD, GLI/2, and 2XCQO, experiments.
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posphere. There is an equatorward advance of the
highly reflective snow surface and sea ice extent (Fig.
7). This, together with the large lower-tropospheric
stability in the high latitudes, leads to a polar amplifi-
cation of the temperature response in the lower tropo-
sphere (MS; Hansen et al. 1984). At low latitudes,
there is a greater temperature decrease in the upper tro-
posphere, despite the initial forcing being mostly felt
at the surface. The upper-tropospheric maximum in the
cooling reflects the following fact: if we start with two
air parcels near the surface, one cooler and therefore
likely to contain less water vapor, the difference in their
temperature is amplified as the parcels travel upward,
since less latent heat is released in the cooler parcel
(MS; Hansen et al. 1984; Held 1993). It may be noted
that the quantitative amplification of this warming with
height in low latitudes is sensitive to the parameteriza-
tion of convection and differs from model to model
(Mitchell et al. 1987). In contrast to the general cooling
of the troposphere, there is a small warming of the
stratosphere in the Northern Hemisphere high latitudes
and the Southern Hemisphere midlatitudes.

The global and hemispheric mean temperature re-
sponses in GLI are listed in Table 2. There is an inter-
hemispheric asymmetry in the temperature response in
GLI. This may be expected since the imposed forcing
is larger in the Southern Hemisphere (Fig. 5), but this
is not the entire explanation, as explained below.

Figure 6b shows the latitude—height distribution of
the zonal-mean atmospheric temperature change in the
GLD experiment. In this case, the decrease of LWP
results in a global warming. The largest temperature
changes occur at a similar location as in GLI except for
a change in the sign. At both northern and southern
high latitudes, different magnitudes of change occur in
the GLD and GLI experiments. GLD shows a relatively
larger surface temperature response in the northern po-
lar region compared to that in the southern polar region.
Note that the Southern Hemispheric mean forcing in
GLD is actually larger than the Northern Hemispheric
value (Table 2) due to greater cloud amounts (see
RC). This is why, in the discussion of the GLI exper-
iment, we argue that forcing is only part of the reason
for the interhemispheric asymmetry found in the tem-
perature response for that case.

The reason for an asymmetric response between the
two polar regions is mainly attributable to the simulated
sea ice thickness and extent in the model. The albedo
of sea ice in the model changes only when its thickness
varies between 0 and 1 meter. In the northern polar
region, the sea ice thickness in the ‘‘control’’ is grad-
ually reduced from more than 1 m at the pole to less
than 20 cm at 60° ~ 70°. The seasonal variation of the
sea ice thickness in the control run is shown in Fig. 8a.
Note that only very limited sea ice forms along the
Antarctic coast during summertime.

Figures 8b and 8c show the change in surface albedo
accompanying the changes in sea ice for GLI and GLD,
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F1G. 7. Zonal annual-mean distribution of the surface albedo
changes in the GLI and GLD experiments.

respectively. In GLD, the surface albedo of the north-
ern polar region is reduced throughout the year, accom-
panying the changes in sea ice (Figs. 7 and 8c). Es-
pecially large decreases (more than —0.2) are found
from June to February (Fig. 8c; large areas with sea ice
thicknesses more than 1 m in the control become less
than 1 m for GLD) and thus lead to a large zonal-mean
albedo reduction (Fig. 7). The surface albedo change
for a warmer climate near the Antarctic occurs mainly
in the wintertime when the solar insolation is small.
Because there is already less sea ice in the ‘‘control’’
during summer (Fig. 8a), a warming does not result in
the melting of much sea ice nor change in albedo.

In contrast to GLD, a larger surface temperature re-
sponse is found near the Antarctic than in the Arctic in
GLI (Fig. 6a). When the surface temperature cools, the
Antarctic sea ice advances equatorward from near the
edge of the continent to approximately 60°S and in-
duces a large increase in surface albedo there (Fig. 7);
this occurs throughout the year, more so during the
Southern Hemisphere summer (Dec, Jan, and Feb) and
fall (Mar, Apr, and May) seasons (Fig. 8b). The sea
ice in the northern polar region also grows in the GLI
experiment. However, because these are areas with sea
ice thicknesses more than 1 m and thus have reached a
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saturation of their surface albedo value, they are not
affected greatly.

The hemispheric-mean temperature responses in
GLD do not differ as much in the two hemispheres as
they do in GLI (Table 2). Both the strength of the
forcing and sea ice effects contribute to the respective
hemispheric temperature responses. The more signifi-
cant sea ice effect in the Northern Hemisphere (relative
to the Southern) in GLD acts to compensate for the
lesser initial radiative forcing in that hemisphere. This
reduces the interhemispheric asymmetry, as gauged by
the hemispheric-mean surface temperature response.
Thus, the degree of interhemispheric asymmetry in
each experiment and the opposite nature of this asym-
metry in GLI and GLD are not only due to the mag-
nitude of the hemispheric forcings but also depend on
the changes in the sea ice extent with respect to that in
the control climate. The importance of the control sea
ice for climate sensitivity has been noted in earlier stud-
ies (Spelman and Manabe 1984; Hansen et al. 1984;
Mitchell et al. 1987).

Figure 6¢c shows the latitude—height cross section of
the temperature response in the 2XCOQO, experiment.
Compared to GLD (Fig. 6b), the major difference is
the well-known CO,-induced stratospheric cooling
(Manabe and Wetherald 1967). With a similar radia-
tive forcing at the tropopause, the pattern of the tem-
perature response in the troposphere is similar to that
in GLD. Both show the largest surface warming in po-
lar latitudes. The reason for the asymmetry in the in-
terhemispheric surface temperature response at the high
latitudes for 2XCOQ, is the same as discussed for GLD.
The CO, experiment also shows an upper-tropospheric
maximum in the warming over the tropical regions,
similar to GLD. However, GLD shows a slightly
greater increase in the Southern Hemisphere tropo-
spheric temperatures. This is related to the larger
Southern Hemisphere radiative forcing in GLD (Table
2; Northern Hemisphere: 3.1 W m™2, Southern Hemi-
sphere: 4.1 W m™?). In the 2XCO, experiment, the
radiative forcing at the tropopause is more uniform in
the two hemispheres (~3.9 and ~3.8 W m™? in the
Northern and Southern Hemispheres, respectively;

TABLE 2. Changes in the annually averaged global (G), Northern Hemispheric (N), and Southern Hemispheric (S) mean surface-air
temperature (Ts) and precipitation (P) for the GLI and GLD experiments. The values of T and P in the ‘‘control’’ run and that of the radiative

forcing (AQ) in the two experiments are also listed.

AT (K) AP (cm yr™) AQ (Wm™)
G N S G N S G N S
GLI —-2.8 22 -34 —-8.1 -5.7 —-10.6 -3.6 -3.1 —-4.1
GLD 2.5 2.5 2.5 7.7 7.0 8.5 3.6 3.1 4.1
Ts (K) P(cmyr ™)
Control 288.5 289.2 287.7 109.1 114.8 103.5
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these are obtained by adjusting the instantaneous forc-
ings in the GCM with an additional flux change derived
from a hemispheric radiative—convective model run
that accounts for the new radiative equilibrium state of
the stratosphere).

The temperature response in the GRD experiment is
almost identical to that in GLI (Fig. 6d). Recall that
the radiative forcing is very similar (<2%) in the two
experiments (Table 1). However, the variations in 7,
do not have the same impact on both cloud reflectivity
and absorptivity as do the variations in LWP. That is,
although we select the percentage changes in r, and
LWP in the two experiments, respectively, to yield sim-
ilar changes in albedo and forcing, the changes incloud
and hence atmospheric absorption are not similar. In
fact, this difference in cloud absorption leads to a 20%
difference in the surface solar radiative flux. However,
the model temperature responses do not reveal any sig-
nificant differences. This indicates that, for the climate
system as a whole, it does not matter much whether the
globally uniform perturbation is caused by a change in
LWP or r,; what matters is the total surface—atmo-
sphere forcing. A separation into a surface and tropo-
sphere forcing also does not seem necessary in the pres-
ent context. Experiment GLI/2 resembles GLI in its
zonal temperature response (Fig. 6e) except that the
magnitude is reduced by about one-half. This suggests
that the model’s temperature response scales almost
linearly with the forcing, at least if the sign of the forc-
ing is the same.

As a means to evaluate the relative latitudinal pattern
of the response, we introduce the normalized surface
air temperature response. This is the zonal-mean tem-
perature change divided by the global-mean value. In
Fig. 9, we plot the normalized surface air temperature
responses for all five GCM experiments. Note that the
ratio yields a positive value and highlights the spatial
distribution instead of the absolute value for each ex-

5
oL GLI

- — ——GLD

L —-—GRD
3 —-—-GLI/2

: .......... 2xco2 .“;

[dTs lzonal/[dTy Iglobal

LATITUDE

FIG. 9. Zonal annual-mean changes in the surface-air temperature
divided by the global-mean change for the GLI, GLD, GRD, GLI/2,
and 2XCO, experiments.
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periment. The curves in the plot can be categorized into
two distinct groups: (i) global uniform perturbation
with negative forcing (GLI, GRD, and GLI/2) and (ii)
global uniform perturbation with positive forcing
(GLD and 2XCO,). Several points may be summa-
rized from Fig. 9.

¢ The normalized surface air temperature response
near the equator is approximately similar for the vari-
ous globally uniform perturbation experiments despite
differences in the sign and magnitude of the forcings.

e There is an interhemispheric asymmetry in the
normalized response at the high latitudes, with the two
polar regions experiencing different magnitudes of
change in each perturbation experiment. Furthermore,
the normalized temperature in each polar region re-
sponds differently to forcings with the same magnitude
but having opposite sign. As pointed out, the factors
governing these features are the hemispheric magni-
tudes of the forcings and the changes in the sea ice
extent and thickness in each hemisphere.

e The difference in the hemispheric forcings be-
tween GLD and 2XCQO, leads to a slightly larger nor-
malized response for GLD in the Southern Hemisphere
and a slightly smaller value in the Northern Hemi-
sphere.

b. Hydrologic response

We discuss the hydrologic response by focusing first
on the results from the GLI experiment. There is a de-
crease in the global water-vapor mixing ratio consistent
with the negative forcing and the global cooling (Fig.
10). The precipitation (P) and evaporation (F) rates
in GLI are reduced over nearly all latitudes (Fig. 11a),
with the global-mean changes (Table 2) in P indicating
an ~7% decrease in the overall intensity of the hydro-
logical cycle. The changes in P at the high latitudes are
generally larger than those in low latitudes owing to
the change in the meridional temperature gradient. This

reduces the poleward moisture transport (Manabe and

Wetherald 1975), thereby causing a marked reduction
in the precipitation in the high latitudes. The latitudinal
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FiG. 10. Latitude—height distribution of the changes in the zonal
annual-mean water vapor mixing ratio in the GLI experiment.
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FiG. 11. Zonal annual-mean distribution of changes in the (a) pre-
cipitation rate, (b) evaporation rate, and (c) P — E in the GLI, GLD,
GRD, and GLI/2 experiments.

distribution of the decrease in E in GLI is quite differ-
ent from that for P (Fig. 11b). The change in E de-
creases with increasing latitude and is relatively small
at the high latitudes. Thus, the latitudinal distribution
of the water balance at the earth’s surface is signifi-
cantly altered from the control run. This is made more
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evident in Fig. 11c, which illustrates that the zonal-
mean change in P — E, that is, the net water gain by
the earth’s surface, decreases at the high latitudes and
increases at some of the lower latitudes.

Comparing the changes in P, E, and P — E for the
GLD, GRD, and GLI/2 experiments relative to GLI
(Fig. 11), there is a consistency with respect to the sign
and magnitude of the forcing. Relative to GLI, the
changes in GRD are similar, while those in GLD have
an opposite sign (see Table 2) and those in GLI/2 are
reduced.

We next compare GLD with the 2XCO, experiment’

(Fig. 12). In the 2XCO, experiment, the increase in
evaporation varies little with latitude, whereas the main
increase in precipitation occurs in middle to high lati-
tudes, in accordance with the Manabe and Wetherald
(1975) study. Considering the global-mean P and E,
the increase in the 2XCO, experiment is only 4.5%,
while in the case of GLD (Table 2), the increase is
about 7% (the global-mean surface temperature re-
sponse is nearly same in both cases, ~2.5 K). Most of
the differences in P and E between the two experiments
come from the low and middle latitudes of the Southern
Hemisphere (Fig. 12). The systematic differences in E
can be explained from surface energy budget consid-
erations (discussed in the next section). In contrast to
the 2XCO, case, the change in the solar flux for cloud
perturbations is ‘‘felt’” mostly at the surface. Also, the
change in the radiative flux at the surface for the
2XCO, experiment is smaller. The increase in latent
heat flux loss (evaporation) required for the surface
energy balance is hence smaller in the 2XCO, experi-
ment. Considering the P — E pattern, some of the in-
dividual differences in P and E become compensatory
(Fig. 11c). The P — E pattern also suggests that the
poleward transport of moisture increases markedly in
both experiments (cf. MS).

¢. Maintenance of the surface energy budget

We analyze next the terms contributing to the surface
energy budget and the redistribution of these terms in
the different perturbation experiments. The annual-
mean surface energy budget equation in the model’s
basic state is given by

S+F+LE+H=~Q, (1)
where S is the net solar, F the net infrared, and LE the

latent and H the sensible heat fluxes at the surface. The
signs of the terms are positive if they warm the surface.

The energy released by the melting and freezing of sea

ice is much smaller than the other terms and is ne-
glected. Oceanic heat transport is also not considered
here.

Equation (1) can be written, using the terminology
in Boer (1993), as

(SO -— UT:fC) + (Gclr + Wclr) + CLW

+ Csw + A +LE+ H=0, (2)
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and GLD experiments. ’

where S, is the global annual-mean solar radiation at
the top, 0T & is the blackbody surface emission, G, is
the downward emission by the cloud-free atmosphere,
and W, represents the solar absorption and scattering
by gas molecules; Cyw and Csw represent the longwave
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and the shortwave cloud forcing at the surface, and A
is the radiative effect due to surface albedo. The global-
mean values of the terms in the model’s control climate
(Table 3) are within range of, or are approximately
similar to, the observational estimates reported in Boer
(1993).

The incident solar flux at the surface, S, can be de-
composed into different components as shown in (2)
and listed in Table 3. The absorption and scattering by
gas molecules in the atmosphere (W,,,) is the most dom-
inant term in reducing S, before sunlight can reach the
ground, followed by the effect of clouds (Csw ), which
contributes about 40% to the total sky shortwave effect.
Most of the downward longwave flux is due to the
downward emission by the cloud-free atmosphere
(G, mainly by CO, and H,O) with the longwave
cloud effect (Cpy ) being small. This is because the
cloud-free atmosphere is close to being opaque in the
infrared due to the CO, and H,O absorption lines and
the H,O continuum; the addition of a blackbody in the
form of clouds does not contribute much more. This is
in contrast to the dominant effect of clouds on the net
radiative flux at the top of the atmosphere.

The perturbed surface energy budget at the new equi-
librium can be written as

68 + 6F + LOE + 6H = 0. (3)

The corresponding difference equation for (2) can
be written as

—40T 36T + 6Gor + Wy, + 6CLw
+ 6Csw + 0Ag. + LOE + 6H =0 (4)
with
OF = 6Gy; + 6Crw —40T 3. 6Ty, (5
68 = oWy, + 0Csw + 8Aq. (6)

The globally annually averaged values of the differ-
ence terms for all the perturbation experiments are also
listed in Table 3. Positive values imply a change acting
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to warm (increased input or decreased output) the sur-
face, while negative values imply a change acting to
cool the surface (decreased input or increased output).

In GLI, 65, 86F, and 6H all act to cool the surface;
they are balanced by LSE, which acts to lessen the
surface cooling. This new balance is obtained in as-
sociation with cooler temperatures (Fig. 6a) and a
less moist atmosphere (Fig. 10). The positive §W,,
is attributable to the drier atmosphere and lesser solar
absorption by water vapor. The increase of cloud re-
flectivity in GLI (imposed forcing) is responsible for
the large negative value of the change in the solar
cloud effect 6Csw, while the surface albedo increase
(Fig. 7) yields a negative 8A.. Here OF is negative
just like 85 but is slightly smaller in magnitude, and
6G, is negative and greater in magnitude than
§(oT%.). This is due to the decrease in the atmo-
spheric temperature and effective emissivity as a re-
sult of the drier atmosphere. The decrease in the sur-
face temperature causes a positive §(oTg.), that is,
a decrease in surface emission. A decrease in the
clear-sky emissivity tends to increase slightly the
longwave surface cloud forcing (6Crw).

Comparing GLD with GLI, the magnitude of the
changes in each term is similar to that in GLI but
with an opposite sign. The changes in the various
energy terms in the GRD experiment are essentially
similar to those in the GLI experiment except for
6Csw. This is mainly due to the differences in the
cloud absorption between the two experiments,
which leads to approximately 20% less change in the
solar radiative flux at the surface for the GRD ex-
periment. Comparing GLI/2 with GLI, the magni-
tude of the changes in each of the energy terms in
GLI/2 is very close to one-half of that in GLI. Thus,
the global annual-mean changes in the surface energy
budget terms for these two cases exhibit a linear scal-
ing with respect to the forcing.

In the 2 X CO, case, the new balance in the global-
mean surface energy budget comes about through the

TaBLE 3. Terms (see § 3d) making up the global and annual average surface energy budget (W m™) in the “‘control’’ run and the changes in the
different perturbation experiments. The observational estimates ‘‘NAS’’ (Natl. Acad. Sci.) and ‘‘Budyko’’ are taken from Boer (1993).

6 X in the experiments

Control GLI GLD GRD GLI2 2XCO, NAS Budyko

N 168.9 -3.6 3.2 —-2.8 -1.8 -1.0 176 144
F -62.8 -22 2.6 —24 -1.2 35 -73 —48
LE —-86.5 6.4 —6.1 6.0 32 -3.8 ~79 -80
H -15.0 -04 0.4 -0.7 -0.2 1.3 —24 —-16
So 343.9 — — — — —

Wi —86.1 2.5 2.2 2.5 1.2 2.7

Csw -63.1 —-4.4 4.3 -34 —-2.3 -0.0

Aste -25.9 -1.7 1.2 -2.0 -0.7 1.7

Gur 3204 -18.3 17.6 —18.7 -9.2 17.9

Ciw 28.4 1.7 -1.7 1.7 0.8 -1.8

oTH —411.6 14.5 —-133 14.6 7.2 —-12.7
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increase and decrease, respectively, of latent heat and
longwave flux losses. Lesser but nonnegligible changes
occur in the solar and the sensible heat fluxes. The
changes in the terms are quite different from those in
the GLD experiment, which has the same global-mean
forcing. A substantial difference is seen in the net sur-
face radiative flux change (2.5 vs 5.8 W m™2) in the
two experiments. This may be explained as follows: the
instantaneous doubling of CO; increases the net surface
radiative flux (global mean ~0.6 W m™2, from off-line
radiative transfer calculations). In contrast, the reduc-
tion of the cloud LWP in the GLD experiment, an effect
which is felt mostly at the surface, increases the surface
radiative flux by 3.8 W m2. This initial difference is
the main reason for the differences in the net surface
radiative flux at the new equilibria in the two experi-
ments. It is a manifestation of the fact that the forcing
in GLD is felt almost exclusively at the surface. That
the partitioning of the forcing between surface and tro-
posphere plays a key role in the surface energy budget
is supported by the results for GLD and GLI, which
have forcings of opposite signs but are ‘“felt’” directly
at the surface, and experience changes in the terms ( Ta-
ble 3) that are-of approximately similar magnitude.

In contrast to the changes in the surface energy
budget, the influence of the atmosphere is quite similar
in both the GLD and 2XCO, experiments (W, G,
CLw). This is because the temperature and moisture
responses in the two experiments are quite similar,
namely, a warmer and more moist atmosphere. Relative
to GLD, the smaller increase in surface radiative flux
input in the 2XCO, experiment is accompanied by a
larger reduction in sensible heat output and a smaller
increase in latent heat flux output. The overall vigor of
the hydrologic cycle (P and E) in the 2XCO, exper-
iment is, therefore, weaker than that in GLD (sec-
tion 3b).

Thus, even though the surface temperature responses
in the 2XCO, and GLD experiments are very similar,
the similarity of the new thermal equilibrium state is
reached through different changes in the terms contrib-
uting to the surface energy budget. The changes in the
zonal-mean and global-mean precipitation rates are
linked to the differences in the surface energy compo-
nents. This implies that the impact on hydrological pro-
cesses may not be the same in the instance of trace gas
increases versus changes in cloud radiative properties,
despite a similarity in their respective global-mean sur-
face temperature responses.

4. Feedback analyses
a. Method

Next, we analyze the role of the feedback processes
in governing the changes to the climate system as a
whole. For this purpose, we consider the TOA radiative
balance. Since cloud distribution and properties are
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fixed in the perturbation experiments, there are no
cloud-induced feedbacks and the analysis is concerned
only with the noncloud feedback processes. The global
annual-mean surface air temperature change (AT) can
be written as (Schlesinger 1988, 1989)

Go

sy A @)

ATS =

where AQ is the global annual-mean forcing and f; de-
notes the jth feedback;

ON I,
J; = Go oI,  dT,

with [; representing the jth internal variable of the cli-
mate system and N the net (solar plus longwave) flux
at the top of the atmosphere. From Eq. (8), the feed-
back due to a physical process j depends on (i) the
sensitivity of the net flux N to the variable I; as given
by ON/0I;, (ii) the sensitivity of the variable to the
surface-air temperature as given by dI,/dT;, and (iii)
the zero-feedback gain of the climate system Gj.

The planetary radiative energy budget can be written
as

(8)

_U-a)

2 Sy, — eoT?,

N €))
where S, is the solar constant, «, the planetary albedo,
¢ the effective emissivity of the earth—atmosphere sys-
tem, and o the Stefan—Boltzman constant. Then, the

zero-feedback gain is given by (Schlesinger 1989) as

ON\ ! 1
Go = _(3T3> " 4e0T?

Here G, is calculated as follows. In the ‘‘control’’ sim-

ulation, the global-mean surface air temperature, 7

= 288.5 K. From the equation for the longwave flux

emission (viz. 0T ), we obtain the effective planetary

emissivity € as 0.603. Equation (10) then gives a zero-

feedback gain G, as 0.305 K W~! m™2 (see also WM).
Following WM, we rewrite Eq. (8) as

- N 4 _ . [4N]

5= Go oI,  dT, Co' TAT,T

where [0;N] is the global-mean change in the net ra-
diation at the top of the atmosphere due to feedback
process j and [ AT,] is the change in the global-mean
surface air temperature. The notation here is different
from WM; their parameters A\, and \; are transformed
to 1/Gy and — £/ G,, respectively (Schlesinger 1988).
The strategy employed is as follows: The radiative
transfer algorithm in the GCM and the monthly mean
quantities over the period of an annual cycle for both
the ‘‘control’’ and the ‘‘perturbation’> GCM simula-
tions are considered. For each month, the monthly
mean geographical distributions of the relevant climate

(10)

(11)
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TABLE 4. [§Y] (in W m™) and [AT,] (in K) for the different
experiments. SW: net downward solar flux, LW: upward longwave
flux, N: net radiative flux at the top of the atmosphere, T surface-air
temperature change, r: water vapor, A: surface albedo. All quantities
are global, annual means.

Jj

Y T r A

GLI ([ATs] = -2.8 K)

SW -0.2 -0.6 -15
~LW 8.7 -2.0 —
N 8.5 ~2.6 -15
GLD ([ATs] = 2.5K)
SW 0.4 0.6 17
-LW ~8.4 2.0 —
N ~8.0 2.6 17
GRD ([ATs] = —2.9K)
SW -0.2 -0.6 -16
-LW 8.9 -2.1 _
N 8.7 -27 -16
GLI2 ([ATs] = —1.4 K)
SW -0.1 -0.3 -0.8
-LW 44 -1.1 —
N 43 ~14 -0.8
2XCO, ([ATs] = 2.5 K)
SW 0.4 0.6 17
-LW -7.4 2.0 —
N -7.0 26 17

quantities for the control simulation are used in the ra-
diation code, and the geographical distribution of N is
calculated. The resulting 12 sets of values for N are
then globally and annually averaged. Then, for any spe-
cific perturbation experiment, the above radiative com-
putation and the averaging process are repeated, sepa-
rately for each feedback process, by replacing the
monthly mean quantity from the GCM control run with
the corresponding quantity from the perturbation ex-
periment. The difference between the two calculations
yields [§;N] for the jth feedback process.

b. Results
1) CLOUD MICROPHYSICS EXPERIMENTS

The feedbacks in the perturbation experiments are
due to changes in temperature, water vapor, and surface
albedo. Table 4 lists the values of [§;N] and [ AT] for
the different experiments. The changes in the TOA net
flux N are subdivided into the net downward solar
(SW) and the net upward longwave (LW) compo-
nents; j = T, r, and A identify, respectively, the changes
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in the TOA fluxes due to changes in temperature, water
vapor, and surface albedo.

In general, the effect of changes in 7 in the warming
(cooling) experiments leads to a global-mean decrease
(increase) of the net radiative flux into the surface—
atmosphere system. Changes in water vapor and albedo
influence the TOA radiative fluxes in a sense opposite
to that due to temperature changes. The longwave flux
changes dominate the solar ones. The magnitude of the
radiative flux changes in GLI and GLD due to temper-
ature, water vapor, or surface albedo changes are all
approximately similar, as are their global-mean forc-
ings (Table 1) and surface temperature responses.
GRD has similar flux changes as GLI, confirming the
near independence of the global-mean response to a
change in LWP or r,. Flux changes in GLI/2 are about
one-half of those in GLI, emphasizing a linear scaling
of the global-mean results with respect to the imposed
forcing.

The magnitude of the feedbacks due to water vapor
and surface albedo are computed using Table 4 and Eq.
(11) and are listed in Table 5. An implicit assumption
in the feedback analyses is the linear additivity and
independence of the mechanisms from each other. For
each experiment, the total feedback f(2 f;) is obtained
using Eq. (7), with AQ (radiative forcing) from Table
1 and [ AT,] from Table 4. We then compute the resid-
ual between the total feedback and the sum of the water

- vapor and surface albedo feedbacks. Provided that the

independence and additivity assumptions employed in
the feedback analyses hold true, this residual can be
identified as the temperature lapse rate feedback. Ac-
cordingly, we will term the residual the ‘‘lapse rate’’
feedback (Table 5), recognizing that a direct compu-
tation of this term (as in WM) could yield a different
value.

The gain of the climate system with feedbacks, Gy,
is given by

Go

Gf:t-—-Z_fj.
J

(12)

Here Gy is also referred to as the global-mean climate
sensitivity factor, leading to a simple relation between

TABLE 5. Feedback factor f and the gain of the climate system
with feedbacks in the different GCM experiments.

Feedbacks GLI GLD GRD GLI/2 2XCO,
Water vapor 0.28 0.31 0.28 0.32 0.32
Surface albedo 0.17 0.21 0.17 0.18 0.21
Lapse rate 0.15 0.04 0.15 0.09 0.02
Total 0.60 0.56 0.60 0.59 0.55
Gain of the

climate system
with feedbacks 0.76 0.69 0.76 0.74 0.68
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the equilibrium global annual-mean change in surface
temperature and the global annual-mean radiative forc-
ing (i.e., AT, = G;AQ).

The climate sensitivity factor (Table 5) is seen to be
similar for the different experiments (0.69-0.76
K W~ m™2). That is, the total feedback occurring in
each experiment in response to the initial forcing is
approximately the same in the global-mean context.
The magnitude of the global annual-mean surface tem-
perature response of the climate system is approxi-
mately independent of the sign and strength of the ra-
diative forcing, at least as imposed in this study. In
addition to the invariance property, the global-mean re-
sponse scales almost linearly with the global-mean
forcing. The uniformity of the global-mean surface
temperature sensitivity in the various experiments ex-
ists in spite of the differences that can occur in the zonal
response patterns (Fig. 9). Notwithstanding the above
inference regarding the global climate sensitivity, the
strengths of the individual feedback processes differ
significantly between the various experiments. In all the
experiments, the water vapor feedback is the strongest
process (Table 5), consistent with Cess et al. (1990).

In GLI, the surface albedo and the lapse rate feed-
backs yield similar contributions to the total feedback,
while in GLD, the surface albedo feedback is larger.
Compared to GLI, GLD has a small lapse rate but larger
water vapor and surface albedo feedbacks. The lapse
rate feedback in GLD includes the response of the
stratosphere, which makes the total lapse rate feedback
positive (WM), whereas, for the troposphere alone, it
should be negative. This follows from the fact that the
warming causes a reduction of the moi